Introduction
More than two billion people are affected by iron deficiency (ID) worldwide, and iron deficiency anemia (IDA) is the most common cause of anemia. 1, 2 While the reported prevalence of IDA varies widely, estimates suggest that 3% of men and 8% of women in the UK, and up to 2% of men and 5% of women in the US have IDA. 3, 4 IDA is characterized by microcytic red blood cells, which are relatively pale in color (hypochromic) compared to normal red blood cells, resulting in reduced oxygen delivery to body tissues and decreased activity of enzymes with iron cofactors. 2 While IDA may be asymptomatic, the reduced oxygen delivery and enzyme activity can result IDA is typically diagnosed based on a combination of hemoglobin (Hb) and ferritin levels, with the World Health Organization defining anemia as Hb concentrations below 13 g/dL (7.7 mmol/L) in men or below 12 g/dL (7.4 mmol/L) in nonpregnant women. 6 As Hb levels alone are not specific for iron deficiency (anemia may be attributed to other causes and mild iron deficiency may not affect Hb levels), serum ferritin levels are also required for diagnosis. 5 Serum ferritin concentrations lower than 15 μg/L confirm a diagnosis of ID, while concentrations between 15 and 100 μg/L may be indicative of ID depending on other factors such as chronic inflammation and rheumatoid disease. 7 The overall management of IDA depends on the etiology; IDA is often a sequela of inflammatory bowel disease (IBD), chronic kidney disease, malabsorption, or chronic blood loss from the genitourinary or gastrointestinal tracts or a consequence of major elective surgeries. 8, 9 Where possible, treatment of the underlying condition is important in patients presenting with IDA, but iron supplementation should also be initiated immediately upon diagnosis. 5 Oral administration of up to 200 mg elemental iron daily is typically the first-line iron replacement therapy for patients with IDA, but parenteral administration (usually intravenous [IV] ) is the preferred first-line therapy in specific patient subgroups, including patients with clinically active IBD, previous intolerance to oral iron, Hb below 10 g/dL, or in patients who need erythropoiesis-stimulating agents or rapid iron replenishment. 10, 11 IV iron is also typically used in place of oral iron in patients with significant iron loss or poor absorption of oral iron. In addition to more rapid replenishment of iron stores, and faster and larger increases in Hb, IV iron also has the benefit of improved adherence relative to oral iron. 12 Furthermore, the incidence of anaphylaxis with early IV iron formulations (high molecular weight iron dextran) has been reduced with newer IV iron formulations, including iron sucrose (Venofer ® Given the wide range of options now available for parenteral iron administration and the widened range of conditions for which IV iron is recommended, 14 the aim of the present study was to evaluate differences in the cost of administering IIM relative to other IV iron formulations in patients with IDA from the perspective of a UK health care payer (National Health Service [NHS] England).
Methods
A budget impact model was developed in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) to evaluate the cost of using IIM relative to FCM, LMWID, and IS in patients with IDA from the perspective of a UK health care payer (NHS England). The analysis was conducted based on the assumption that there are no differences in the efficacy and safety of the iron formulations in addressing the iron deficit, in line with previously published cost-minimization analyses. 15 
Model and scenarios analyzed
A model was developed to estimate iron deficit using three distinct approaches: a simplified dosing table (Table 1) , a population average and standard deviation based on pooled estimates from recent randomized controlled trials (RCTs) in patients with IDA, 16 and a modified version of the Ganzoni formula (Equation 1). The simplified table approach was adopted for the reference case analyses, as table-based dosing is recommended by the European Crohn's and Colitis Organization for treating patients with IDA associated with IBD, and treatment in line with the Ganzoni formula has been found to result in low (<100 μg/L) serum ferritin levels. 10, 17 Modified Ganzoni formula:
In addition to the three methods of estimating iron deficiency in the specified population, the model also incorporated simple models to determine the ability of each 
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Budget impact of IIM relative to alternative IV iron preparations comparator to address the iron deficit. IIM and LMWID were able to dose 20 mg/kg, while FCM was able to dose 1,000 mg and IS 200 mg in a single dose, in line with the summaries of product characteristics. 18, 19 Since usage of different iron formulations is likely to differ from region to region, only head-to-head comparisons were conducted in which the "with IIM" scenario consistently assumed 100% market share for IIM, while the "without IIM" scenarios assumed 100% market share for LMWID, FCM, and IS in three reference case scenarios. The model was constructed to report the mean number of infusions required per patient, the mean number of patients requiring more than one infusion, the overall and incremental costs in the "with IIM" and "without IIM" scenarios, and the result of an infusion-based number needed to treat (NNT) calculation reporting the NNT with IIM to avoid a single infusion.
Costs, time horizon, and discounting
In the reference case analysis, costs were evaluated over a 1-year time horizon using health care resource groups (HRGs). HRG costs in the UK are used to calculate the income for individual NHS trusts that is received from NHS commissioners for performing particular treatments or procedures. These values are therefore representative of the ultimate cost of each treatment for the Department of Health. HRGs SA04D and SA04F were employed in the present analysis, denoting IDA with and without complications and corresponding to costs of GBP 385 and GBP 284, respectively. In the reference case, the two HRGs were weighted based on the relative number of finished consultant episodes for each HRG as reported by the Health and Social Care Information Center (HSCIC) in 2014-2015 (23,837 and 22,657 episodes for SA04D and SA04F, respectively). 20 No market forces factor was applied in the reference case analysis. Discounting was not employed in the reference case as no costs were modeled beyond year 1 and discounting is not recommended in the budget impact modeling guidelines from the International Society for Pharmacoeconomic and Outcomes Research. 21 
Population and cohort characteristics
Patient characteristics were based on an analysis of seven IDA RCTs included in a recent review. 16 The base case analysis was conducted in patients with IDA with a mean bodyweight of 82.4 kg (SD 22.5 kg) and Hb levels of 9.99 g/ dL (SD 1.03 g/dL). 16 The model distributed the cohort over lognormal distributions of bodyweight and Hb in line with techniques employed by dosing models in other disease areas ( Figure 1) . 22 For the 4.5% patients falling below the minimum 
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Pollock and Muduma weight category in the IIM dosing table (Table 1) , patients were assumed to require the same dose as patients in the lowest defined weight category in the same Hb category. A minimum bodyweight (w min ) of 35 kg was assumed in line with the lowest bodyweight threshold listed in the FCM summary of product characteristics. 18 To avoid crude truncation of the distribution, the probability density function (PDF) was "mirrored" around w min such that the final PDF was modeled as in Equation 2 , in which lnN(w, μ, s 2 ) is the PDF of the lognormal distribution. Truncated lognormal distribution probability density function: 
The primary analysis reported estimated average costs per patient, but analyses were also conducted for an average clinical commissioning group (CCG). The population size was based on the CCG average for England, which covers 257,400 patients. 23 The size of the prevalent IDA population was then calculated on the basis of 3% of males and 8% of females having IDA, for an average absolute CCG-level prevalence of 14,157 patients with IDA of any etiology. 3 Of the IDA patients, the proportion treated with IV iron was based on a market report on global IV iron that reported that 600,000 of 4.5 million IDA patients were treated with IV iron and the remainder with oral iron, corresponding to 13.3% of all IDA patients receiving IV treatment. 24 In an average CCG, this resulted in an estimated 1,888 patients receiving IV iron. Given the 1-year analysis time horizon, the reference case analysis included the simplifying assumption that each of the 1,888 patients would require a single course of IV iron treatment over the analysis.
Sensitivity analyses
A range of one-and multi-way sensitivity analyses were conducted around the reference case analyses. Mean bodyweight assumptions were changed from the base case assumption of 82.36 kg to a series of lognormal distributions with expected values of 65, 70, 75, 80, and 85 kg with assumed standard deviations of 25% of the mean. The simplified table-based dosing approach used in the reference case was also switched for the modified Ganzoni formula (Equation 1) and a mean iron deficit modeling approach based on a pooled mean and standard deviation from the seven RCTs included in a recent review by Koch et al. 16 Finally, the HRG casemix was switched to 100% SA04D (IDA with complications) and 100% SA04F (IDA without complications) from the HSCIC casemix in the base case analysis.
Results
Using IIM required 1.3 infusions per patient to correct the mean iron deficit, compared with 1.3, 1.8, and 7.7 with LMWID, FCM, and IS, respectively (Figure 2A ). Patients using IIM required multiple infusions in 35% of cases, compared with 35%, 77 %, and 100% of patients with LMWID, FCM, and IS, respectively ( Figure 2B ). Based on a HRGbased costing methodology, total costs were estimated to be GBP 451 per patient with IIM or LMWID, relative to GBP 594 with FCM or GBP 2,600 with IS, corresponding to savings of 24% and 83% with IIM relative to FCM and IS, respectively ( Table 2 ). The NNT to avoid a single infusion with IIM was 2.35 relative to FCM and 0.16 relative to IS; no infusions would be avoided by using IIM in place of LMWID.
Over an average CCG population of 1,888 patients with IDA, costs with IIM were estimated to be GBP 852k compared with GBP 1.12 million with FCM and GBP 4.91 million with IS, corresponding to average absolute cost savings of GBP 270k with IIM relative to FCM and GBP 4.06 million with IIM relative to IS in a single CCG over 1 year.
Sensitivity analysis showed that assumptions around cohort bodyweight did not affect the directionality of the outcomes, but did have a notable outcome on the magnitude of the cost savings ( Figure 3A and B) . Specifically, cost savings with IIM increased with increasing mean cohort weight. Switching from the reference case iron deficit calculation approach based on a simplified dosing table to a population mean approach and the Ganzoni formula had mixed effects on the magnitude of the cost savings depending on the comparator (Table 3) . Using the Ganzoni formula increased the cost savings with IIM relative to FCM to GBP 248 or 37% (from savings of GBP 143 or 24% in the base case), but fractionally decreased the cost savings relative to IS to GBP 2,142 (84%) from GBP 2,149 (83%) in the base case. Similarly, the average iron deficit-based approach increased cost savings relative to FCM to GBP 181 (28%) from GBP 143 (24%) in the base case, while decreasing savings relative to IS to GBP 2,067 or 82% (from GBP 2,149 or 83% in the base case). Switching the HRG casemix to 100% SA04D increased the cost savings proportionally to the higher cost (GBP 385 relative to the weighted average of GBP 336 in the base case), while switching to 100% SA04F reduced cost savings proportionally (Table 3) .
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Budget impact of IIM relative to alternative IV iron preparations
Discussion
Using IIM or LMWID in place of FCM or IS resulted in a marked reduction in the number of infusions required to correct iron deficits in patients with IDA. While the modeled outcomes were directionally in agreement with previous studies, the modeled estimates of the absolute number of repeat visits required with IIM differed from previous studies. A recent Scandinavian observational study of IIM treatment in patients with IBD, the Non-Interventional Monofer (NIMO) Study, reported a repeat visit rate of 5% compared with 34% in the present modeling analysis. 25 The mean iron dose administered in the study was 1,010 mg, which the authors noted was below the average of 1,363 mg that would have been administered if adhering to the simplified dosing table and even below the 1,100 mg that would have been administered in line with the Ganzoni formula, which itself already underestimates the recommended iron dose in patients with IBD. Furthermore, 27% of patients 
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Budget impact of IIM relative to alternative IV iron preparations reducing the number of retreatments, with patients receiving doses >1,000 mg having 65% lower odds of needing iron retreatment than patients receiving 1,000 mg (p=0.001). 26 Relatedly, the present analysis did not capture any degree of clinical discretion in determining the need for subsequent visits. For instance, in a patient with a bodyweight of 74 kg and Hb level of 10 g/dL, the simplified dosing tables for IIM or FCM both specify an iron requirement of 1,500 mg. At an IIM dose of 20 mg/kg, a maximum of 1,480 mg of iron could be administered to the patient and the model would therefore report a requirement of two infusions. In practice, the clinician would likely decide that a dose of 1,480 mg (98.7% of the calculated requirement) would be sufficient and that no subsequent infusion would be required. This effect was consistently applied across the four iron formulations and hence would be unlikely to drive any substantive incremental differences between comparators, but means that the absolute number of infusions modeled is likely to represent an overestimate relative to routine clinical practice.
Finally, the model assumed that all IV iron formulations were equally effective at rectifying the iron deficiency. This assumption was a corollary of the assumption that all iron formulations were dosed equivalently over the full course of infusions and all patients therefore received the same modeled dose of iron. In clinical practice, however, practical aspects of administration may result in different effectiveness outcomes. In particular, the number of infusions required with IS may ultimately present a barrier to administration of the full dose; a twice-weekly 200 mg infusion regimen would take 5 weeks to administer 2,000 mg compared to 1 week with IIM or FCM, increasing the risk of nonadherence to the full dose. Indeed, this phenomenon has been observed in RCTs of FCM versus IS (92.5% vs 79.1% adherence, respectively, p<0.001). 27 In addition to the equivalent efficacy assumption, the present analysis also assumed that the formulations were equivalent in terms of safety. This is in line with previous cost-minimization analyses in IDA. 28 While the present study represents the first published budget impact analysis of IIM in IDA from a national payer perspective, a previous study has reported findings of a costminimization analysis of IIM in the UK hospital setting, 15, 29 and previous analyses of the budget impact of parenteral iron have broadly agreed with the findings of the present analysis with regard to FCM, IS, and LMWID. In 2014, Brock et al published the findings of a budget impact analysis of IS versus FCM in Switzerland, finding that switching patients to FCM was associated with cost savings of 30%-44% per patient per treatment cycle relative to IS. 30 This compares to a reduction of 77% in the present analysis, with the discrepancy likely being driven by the real-world nature of the patient data in Brock et al. More recently, Calvet et al published a cost-minimization analysis of FCM, IS, and oral iron in patients with colon cancer and IDA in Spain, reporting total costs per patient (including costs of iron infusion, transfusion, and hospitalization) of EUR 1,827 with FCM, EUR 2,312 with IS, and EUR 2,101 for oral iron. 31 The EUR 485 (21%) cost savings with FCM relative to IS were driven by reduced hospitalization costs. The lower cost savings with FCM relative to IS compared to the present analysis may have been driven by the lower cost per hour of health care professional time in the Spanish setting relative to the UK. High-dose administration of iron has previously been shown to reduce waiting lists by increasing patient throughput. 32 The reductions in infusions modeled in the present analysis with IIM relative to other IV iron formulations show that improvements in patient throughput could also be achieved through the use of different IV iron formulations. Specifically, treating 2.35 IDA patients with IIM rather than FCM would result in one avoided infusion, while treating 0.16 patients with IIM in place of IS would achieve the same result, with 6.4 fewer infusions being required per patient switched. Furthermore, the improvements would be accompanied by substantial reductions in the direct costs of treatment, saving GBP 143 per patient relative to FCM and GBP 2,149 relative to IS over 1 year. The comparison of IIM with LMWID yielded the same modeled estimates of infusion requirements and therefore the same HRG-based cost estimates; however, the use of HRG-based cost estimates masked the burden placed on NHS infusion facilities by LMWID and indeed the inconvenience and lost productivity experienced by patients prescribed LMWID. 13, 29 While the same maximum dose can be administered in a single infusion with LMWID and IIM, LMWID must be administered under careful observation over the course of the 4-6 hour infusion, 33 whereas IIM doses of <1,000 mg can be administered over more than 15 minutes and doses >1,000 mg can be administered in 30 minutes or more, resulting in a substantial increase in infusion facility capacity with IIM relative to LMWID.
When considering the overall effect of the reductions in the number of infusions required, the perspective of the present analysis should be taken into consideration. Notably, the health care payer perspective and the exclusive use of HRG-based cost estimates yield an analysis that is likely to be highly conservative relative to other perspectives. A similar analysis conducted from the societal perspective, for example, would also capture indirect costs borne by other payers, such as patient transportation costs and infusion center running costs, in addition to costs associated with lost workplace productivity arising from infusion center visits.
Conclusion
Using IIM or LMWID in place of FCM or IS resulted in a marked reduction in the number of infusions required to correct iron deficits in patients with IDA, with just 35% of patients requiring multiple infusions with IIM relative to 77% and 100% with FCM and IS, respectively. The reduction in infusions was accompanied by reductions in cost of 24% and 83% with IIM relative to FCM and IS over 1 year, respectively. Based on an HRG-based costing of IV iron therapies, IIM or LMWID would incur equivalent costs from the UK payer perspective. The substantially shorter infusion times with IIM confer advantages over LMWID from the care provider perspective with IIM, therefore representing the most economical IV treatment option when considering both costs from the national payer perspective and resource utilization from the care provider perspective.
